Introduction

25
Fiber reinforced composite materials have been widely used and investigated in recent years 26 due to their unique properties, such as high stiffness, high strength and low density [1] . However, 27 the applications of the composites are limited by their weak impact resistance, especially for the 28 unidirectional cross-ply fiber/matrix laminates. Obviously, the reason for this disadvantage can be 29 traced to the low strength, stiffness between the adjacent layers which will result in delamination 30 and fiber breakage [2] .
31
This disadvantage can be overcome by changing the composition of material: for example, 32 using short fiber instead of long fiber. The mechanical properties of short fiber reinforced composites For the undamaged state, the stress strain relationship can be rewritten as: 
89
where cij are the stiffness coefficients which can be derived from G and  . At elastic state, the 90 specified damage variables i d are equal to 0.
91
The 3D Hashin's failure criterion accounting for fiber failure and matrix failure is embedded in
92
ABAQUS using subroutine-VUMAT. In this part, two failure models, tensile failure and 
99
Similarly, tensile failure and compressive failure of the matrix can also be obtained [34] [35] .
100
Tensile failure of matrix, 
144
If and 
experiment, the fixed boundary is employed to investigate the accuracy of numerical model.
175
Frequency and amplitude of the four boundaries 
Effect of fixed boundary condition on impact resistance
187
The fixed boundary condition is kept in the experiment process. 
195
The SMA wires (diameter 0.2mm) have been embedded in the middle layer laminate (between layer 196 8 and 9) with distance 5mm (total 21 wires for a model). In summary, four types of experiments have
197
been conducted, as shown in Table 2 . 
200
The model has been built in ABAQUS according to the details mentioned before, as shown in 
230
Group A2: Different from group A1, the composite is destroyed completely under higher energy,
231
64J, as shown in Figure 5 . During simulation process, the impactor is founded moving along the top 232 layer to the bottom layer of the composite without bounced back (t > 0.0030s), this can also be 233 confirmed by the experimental result, as shown in Figure 5g . The velocity of impactor is reduced in 234 the breakdown process then remained as a constant.
235
From Figure 6c , a larger damage region is founded at the final state. This is different from group 236 A1, and can be explained by delamination due to the friction between impactor and layer 1 during 
254
Group A3 and A4: Embedding SMA alloys is effective to improve the impact resistance of composite 255
laminates. As shown in Figure 7a , SMAs was stretched to a larger strain in the case of 32J. In Figure   256 7b, a broken or invalid state of SMA is obtained due to the larger strain which is beyond critical 257 value. More specific, 5 SMAs in the center region are chosen to demonstrate the working 258 mechanism, as shown in Figure 8c and 8d.
259
Beyond that, the defect is obviously: the damage region of layer 8 (contact with SMA) is larger 
Simulation result: absorbed energy and contact force 274
Two important items: absorbed energy and contact force was obtained from ABAQUS and 275 compared with experimental data, as shown in Figure 9 . The relative errors of energy comparison 276 are 5.7%, 6.3%, 13.8% and 7.3% for groups A1-A4, respectively. As for the force-time curves, more 277 inflection points are founded on the simulation curves due to the broken and deletion of the element.
278
Even so, the tendency of simulation curves agrees well with the experimental curves. The relative 
Effect of amplitude
296
In order to fully understand the influence of amplitude on the impact resistance, a low 297 frequency f = 1000 cycle/s is kept (10 cycles during simulation process, ttot = 0.01s). Several 298 amplitudes, A, are chosen for the study as shown in Table 3 .
299 300 
302
The positive value in Table 3 
326
The details of impact process of half model in group B are shown in Figure 12 . From Figure 12a , 
344
Three amplitudes are shown to demonstrate the impact process of group C: A = 0.0032m,
345
0.008m and 0.016m, as shown in Figure 13 . From Figure 13a , the layer damage along the SMA 346 direction is founded during impact process. This is due to the weak impact resistance of laminate 
369
for related group C, the absorbed energy is 3.5 times larger. As for high amplitude, the absorbed 370 energy is close to zero, as group B7 and B8. From t =0 to 0.004s, effect of vibrations on the 371 energy-time curve can be observed, then, the energy is kept as constant, as shown in Figure 14a . In Figure 14b , the force is also affected by the vibration and shown more dramatic changes comparing 
Effect of frequency
375
In order to fully understand the influence of frequency on the impact resistance, a small 376 amplitude A = 0.0032m is kept considering the small influence of this level. Several frequencies, f, are 377 chosen for the study as shown in Table 3 .
378
During the simulation f = 100 cycle/s to 500 cycle/s in group D1 to D3, the damage state is close
379
to each other at time t = 0.01s, only a small hole can be founded according to the fracture morphology 380 shown in Figure 15a , 16b and 16c. As for higher frequency f = 2000 cycle/s to 10000/s, the damage 381 states show randomicity with larger area, as shown in Figure 15d and 16e.
382
Damage states of SMA reinforced composite laminates are shown in Figure 15f to 15j, also.
383
Overall, the effect of frequency on the damage state is similar with that in group D. It should be 384 noted that the separated region in group E5 maintains a more complete shape, as shown in Figure   385 15j. 
403
Applying different frequencies f on the boundary, the simulation process of two groups: D5 and
404
E5 are invested to demonstrate the details of damage morphologies of the composite laminate, as 405 shown in Figure 16 . As for D4, an hole shape damage region is gradually appear at time t = 0.0025s,
406
then increased with impact process, at time t = 0.01s the center region is damaged completely. As for 407 group E5, delamination is observed except the hole shape damage, this is mainly due to the global 408 enhancement effect of SMA.
409
The relationship between absorbed energy and time or contact force and time can be founded in
410
Figure 17. As shown in Figure 17a , the absorbed energy is decreased with increasing frequency 411 generally. Considering a real low frequency f =100/s, the maximum value of absorbed energy for 412 group D1 and E1 are same, 32J. Considering a high frequency f = 10000/s, the absorbed energy for 413 group E5 is 2.36J, as for D5 the absorbed energy is 1.79J, which means the composites can barely 414 bearing impact. As shown in Figure 17b , the maximum value of force in the case of f<2000 cycle/s is 415 under the range 7N to 7.5N for group D, 9N to 12N for group E. As for group D5 and E5, a saltation
416
is observed comparing force with the adjacent groups which is mainly due to the transient change of 417 velocity.
418
More important, the maximum value of absorbed energy and contact force for SMA reinforced composites is generally 15%-30% larger that than of pure glass fiber reinforced composites under 
430
In Table 4 , the maximum energy-Emax, energy at time 0.01s-Et=0.01, maximum force-Fmax and 
434
where N is the total number of output data of force Fi within time 0.01s, more important, the average 435 value is still in accordance with A and f.
436
In Figure 18 , the ratio between damaged area and the whole model are plotted against time.
Generally, the damaged areas of laminates for A < 0.0032m or f <500 cycle/s is kept as < 5%. In 
451
In Figure19a, the average damage area are investigated by calculating 16 layers, the results
452
indicate that a 4% damage for small amplitude and frequency and a nearly 50% damage for large 
465
where E and m is the absorbed energy and mass of the impactor, respectively. Considering that 466 average avg F m v t    , the average force is also obtained as:
469
The simulation results using the equations mentioned above are shown in Figure 20 . In this 
482
Comparison between the simulation results and our previous work with fixed boundary shows 483 that the parameters and the simulation process are acceptable with relative error smaller than 10%
484
(both for 32J and 64J 
